Background. Clinical indicators (CIs) are used to assess, compare and determine the potential to improve the care provided by hospitals and physicians. The results for Australian hospitals in 1998----2000 have been reported using a new methodology. The gamma-Poisson hierarchical model was used to correct for the effects of sampling variation by obtaining the empirical Bayesian shrunken estimates for the CI proportions for each hospital. Then, an estimate of the potential system gains that could be achieved if the mean proportion was shifted to the 20th centile is obtained for each of the 185 CIs. The results are used to prioritize quality improvement activity.
Introduction
Measures of the quality of clinical care and clinical indicators (CIs) are increasingly being used to assess, compare and improve the care provided by hospitals and physicians [1----6] . Since 1993, Australian hospitals preparing for accreditation, or re-accreditation, with the Australian Council on Healthcare Standards (ACHS) have been required to provide data on CIs. Consequently, the ACHS routinely collects data on approximately 185 CIs from more than 500 acute-care Australian hospitals across many specialties [7] . This is the largest source of data that attempts to measure the quality of care in Australia.
The ACHS CIs relate to specific clinical outcomes or processes [8, 9] . They are defined by the ACHS as measures of the clinical management and outcome of patient care, which are not exact standards against which hospitals must measure their clinical performance, but rather are designed as screening tools that can alert to possible problems or opportunities to improve patient care [10] .
The CI data can be reported as proportions. The numerator represents the number of patients who incur an`event of interest' and the denominator represents the number of patients at risk of the event. New methods for analysing and reporting the CI data have been adopted by the ACHS. Whereas past analyses of CI data have involved comparisons of individual hospital proportions with the average proportion for all hospitals or to a benchmark value set by experts [7] , which aims to identify`outliers', the new approach shifts the focus towards a comparison between all hospitals and the corresponding ability to make system-wide improvements.
Reporting techniques that focus on individual hospitals
The use of league tables for ranking performance measures or indicators' in institutions is commonly practiced [4, 11, 12] . Providing the results back to hospitals is often seen as an attempt to introduce accountability and motivate individual efforts to improve performance [5,13----15] , whilst making the results public is often viewed as providing an element of competition that will encourage improvement activity [12, 16, 17 ].
Deming's philosophy, however, dictates that co-operation, not competition, is required in order to facilitate quality improvement [18] and that the components of the system must be understood and improved upon [13] . Competition arising from the publication of league tables can create perverse incentives [4, 19] . For example, doctors, health care providers and hospitals may be enticed to fabricate or manipulate their data or alternatively take`lower risk' patients to improve their reported performance [2, 4, 12, 20] .
Ranking hospitals is relatively simple for displaying performance measures, even when Bayesian methods have been applied to account for unequal sample sizes. However, the usefulness of hospital league tables is at best limited, if not misleading [4,20----24] , because there will always be a`first' and a`last', irrespective of whether all are providing exceptional levels of services or not. Confidence intervals for the hospitals are often employed to identify differences in ranks; however, calculating multiple confidence intervals increases the risk of finding differences due to chance. A more conservative significance level may be used but this increases the widths of the confidence intervals. The confidence intervals for the hospitals at the top and bottom of some performance tables overlap and publishing tables ranking the performances can be meaningless [17, 20, 25, 26] .
Additionally, observing changes in rankings over time can be caused by the`regression to the mean' phenomenon [27] , concealing any real changes in quality. Andersson et al. [21] provided a measure of the`F F F expected change in the rank order if one were to repeat the study' to assess the validity of the rankings and showed the`F F F tremendous uncertainty in the ordering F F F '. Thus, the analysis of CIs needs to produce more information than a proportion and a rank.
Fundamentally, the league table approach fails to address the issues relating to improvements to the system of hospitals, since its purpose is to isolate and discriminate between the best and worst hospitals [5, 11] . That is, reporting the performance of individual units (hospitals or people) may fail to identify system-wide improvements.
An alternative approach previously used by the ACHS was to set threshold values and perform tests of statistical significance using P values. The comparison of individual hospital proportions with a nominal threshold value does little to benefit the hospital system as a whole, because most hospitals will be below the threshold, possibly reducing incentives to improve, while hospitals with larger sample sizes are more likely to be statistically significant. The main outcome of such analyses is to classify the hospitals as either`satisfactory' or`unsatisfactory', and does not focus on system-wide improvements.
A new method for analysing and reporting CI data A focus on the system of hospitals helps to identify clinical areas in which research and improvement activity may have the greatest effect. A method that uses the data to determine empirically the mean proportion that could potentially be achievable and identifies areas with large`potential system gains' is required. The ACHS has achieved this by reporting the proportion surpassed by the`best' 20% of hospitals, the 20th centile, which is used to provide an estimate of the proportion that is potentially achievable. The potential reduction in undesirable outcomes is estimated by assuming that the mean proportion can be shifted to the 20th centile.
The calculation of potential system gains using the 20th centile is appealing, as it does not rely on an arbitrary target value but instead is data-driven, being influenced by the current level of variation in proportions between the hospitals. The 20th centile is approximately 1 standard deviation (s) from the mean proportion, and can be viewed as a practicable or`best practice' proportion.
The measure of potential gains does not focus on individual hospitals' performances but instead treats the hospitals as part of a system that may have areas for improvement. The results of this approach enable healthcare professionals to determine those clinical areas where there are potentially greater gains and hence funding for quality improvement activity would be of a higher priority.
The 20th centile and subsequent measure of the potential gains, however, should not be based on the observed proportions since they include the effects of sampling variation. Additionally, the data are reported over 6-month periods and proportions will be based on large and small sample sizes, which influences the precision of the estimated proportion. The method used to adjust the proportions involves a two-stage hierarchical model with the empirical Bayesian shrinkage estimator. The technique can be regarded as using the individual hospital's proportion plus the summary results for all hospitals to obtain an improved estimate of the hospital's underlying proportion.
The ACHS publication uses the gamma-Poisson two-stage hierarchical model to represent the between-hospital and within-hospital levels of variation in the CI proportions. This model has been used since the data were analysed in the form of ratios of observed and expected counts, the distribution of which could be represented by the gamma distribution. Additionally, the`rare disease' assumption [28] allows the binomial nature of the observed counts of cases to be approximated as a Poisson distribution.
However, the Poisson approximation may affect the estimates of the parameters and centiles. Thus the primary objectives of this paper are:
(1) to describe the 20th centile method for calculating potential gains to help prioritize quality improvement activity in the health care system; (2) to compare the results for the Obstetric and Gynecological (O&G) CIs using two shrinkage estimators, the gamma-Poisson and beta-binomial, and determine the impact of the model on the results; and (3) to compare the computationally simpler Method of Moments (MoM) with the Maximum Likelihood (ML) method for parameter estimation.
Bayesian and frequentist perspectives
Bayesian methods have made inroads into statistical practice [29----32] , which is however, predominantly classical, or frequentist. When estimating the parameters of an underlying model, the frequentist approach views the parameter of interest as a fixed number and infers its value from the data collected [30] . Conversely, the Bayesian approach proposes that the unknown parameter of interest is a random variable having a prior distribution summarizing the subjective belief about the plausible values for the parameter [33] . The Bayesian approach generates a posterior distribution for the parameter, conditional on the observed data and the prior distribution. The Bayesian methodology has been shown to be particularly useful in both the clinical setting and the area of public health policy when the results of a study must subsequently be used to facilitate a decision [29,34----37] .
, where f may represent the true unknown CI proportions for n hospitals, the density function may be represented by f(Ojf). The frequentist approach assumes f is an unknown but fixed vector to be estimated by O. However, the Bayesian method places a prior distribution g(fjh) on f, where h is a vector of parameters, or hyperparameters, for the prior. The vector f represents hospital-specific proportions, whereas h represents the parameters that involve the distribution of the population of all units, such as the mean and variance of the hospital proportions. With g and h specified, inference concerning f is then based upon the posterior distribution, p(fjx, h), computed using the Bayes' formula as in Equation 1 .
Calculating p(fjO, h) in Equation 1 assumes that the hyperparameters are known. However, if the value of h is unknown then h may be replaced by its estimate, h , obtained as the value that maximizes the probability of obtaining the data, O, given h. That is, select h to maximize the denominator in This approach is referred to as an empirical Bayesian (EB) analysis because the data are used to estimate the hyperparameters. The expectation of f, given p(fjO, h ), is the EB shrinkage estimator.
Data
The ACHS collects CI data over 6-month periods. For this analysis, five consecutive 6-month periods of data spanning January 1998 to June 2000 (inclusive), in the clinical area of O&G, were used. In each period, data were collected on 16 O&G CIs. The definitions for the 16 CIs are provided in the Appendix.
There was a minimum of 45 and a maximum of 158 Australian hospitals contributing data for each of the CIs. The average hospital denominator ranged from 38 to 437. The summary statistics by CI are provided in Table 1 . The low denominator was caused by some hospitals only reporting for a few weeks in the 6-month period.
Methods
The formulae for the gamma-Poisson and beta-binomial shrinkage estimators were compared theoretically to assess Clinical indicator analysis the relative shrinkage of individual hospital proportions towards the mean proportion using the two models. We then applied both the gamma-Poisson and beta-binomial models to the data to compare the models empirically. For each CI, estimates for the between-hospital variation, 20th centile and potential gains were obtained for each 6-month period. However, instead of reporting all five periods' estimates, the average value across the five periods was used. This provided an estimate having a smaller standard error than using a single 6-month period. The observed CI proportions encompass the betweenhospital, or systematic variation as well as within-hospital, or sampling variation. Thus, the observed CI proportions for an individual hospital will vary from the`true underlying proportions' due to sampling variation. In the Bayesian paradigm, a two-stage hierarchical model is used to represent the distributions of the two sources of variation. The first level corresponds to the distribution of the CI proportions across all hospitals, thus representing the systematic variation. The second stage corresponds to the sampling distribution of the observed numerator at the ith hospital, O i .
The beta-binomial hierarchical model
The proportions, p i , are assumed to be drawn from a beta distribution with parameters p and M, where p represents the mean CI proportion and the spread parameter, M, indicates the range of proportions among the hospitals and is inversely related to the variance of the proportions between hospitals,
where D i is the denominator for the ith hospital.
The choice of the beta distribution, much like the gamma distribution for the gamma-Poisson model, is for its technical convenience. However, it should not be regarded as an overly restrictive assumption as the distribution can assume a variety of shapes [33] .
The ML estimate of the proportion at the ith hospital is calculated as p i O i aD i . The beta-binomial Bayesian shrunken estimate of the proportion, p s i , given in Equation 2 [38] is a weighted average of the prior mean proportion across all hospitals and the individual hospital's observed proportion.
The proportionate shrinkage, w i , of the ith hospital towards the grand mean depends on the hospital's sample size and the between-hospital variation, s 2 , [39----41] and is given by
The gamma-Poisson hierarchical model
The gamma-Poisson hierarchical model is the model currently used for ACHS reports. This model assumes that the true ratios (of observed, O i , and expected, E i , numerators), l i , are drawn from a gamma distribution with mean, m, and variance, s 2 r , and that the O i follow a Poisson distribution with mean
The parameter s 2 r measures the between-hospital variation in the ratios.
The ML estimate of the ratio at the ith hospital is given by 
Parameter estimation
The gamma-Poisson and beta-binomial EB shrinkage estimators require estimates of m and s, and p and M, respectively. These parameters were estimated using ML and the MoM.
The log-likelihood functions for the gamma-Poisson and beta-binomial models are given in Equations 6 and 7, respectively. These expressions were obtained by taking the log of the product across the n hospitals of the denominator in Equation 1 for the specific two-stage model.
A ML estimate for the mean proportion can be obtained using these expressions; however, an alternative estimate is the weighted mean, p n i1 O i a n i1 D i Using this estimate ensures that the means of the shrunken and original values are equal and that the estimate of m will be 1. To obtain the ML estimates for s 2 and M, the non-linear procedure in SAS was applied to the log-likelihood functions for each of the gamma-Poisson and beta-binomial models, setting m equal to 1 and p equal to n i1 O i a 
where Var 1 ( p i ) estimates s 2 for the proportions. There is no unique MoM estimator [38] . We have used, since the sampling distribution for the proportions follows the binomial distribution, the unbiased MoM estimator from Martuzzi and Elliot [28] , given in Equation 8, where D " represents the mean denominator size, averaged across the n hospitals. The estimate is substituted into p1 À pa s 2 À 1 to obtain M Ã .
The second term in the numerator for the binomial MoM estimator is the estimated variance due to sampling, which decreases as the average sample size increases. The MoM estimator can be negative when the observed variation is less than expected [28, 43] . In such instances, the estimate of the systematic variation would be taken to be zero. The MoM estimator assuming Poisson variation could also have been considered. However, because the variation in the proportions is binomial, this paper has focused on comparing the gamma-Poisson model with the beta-binomial, as well as the MoM estimation using binomial variation compared with ML estimation.
Calculating potential gains
The potential gains at the ith hospital, Gains i , resulting from shifting the proportion to the 20th centile, p 20 , is calculated using Equation 9 . Summed across all hospitals, this represents the number of events that would not occur if the mean proportion were p 20 .
An estimate of the 20th centile can be obtained either empirically or theoretically. The empirical estimate is obtained by determining the 20th centile of the shrunken proportions. The theoretical estimate, however, is obtained from the prior (beta or gamma) distribution, using the estimated mean and variance for the distribution. The major advantage of the empirical estimate is that clinicians know that 20% of the hospitals are currently achieving this value or better. If the theoretical value were used, the number of hospitals surpassing this value would be approximately 20%. For CIs where à high' proportion is desirable, the 80th centile, p 80 , is used to calculate the potential gains, (p 80 À p i )D i , which, when summed across all of the hospitals, then represents the number of additional events that would occur if the mean proportion were equal to p 80 . Figure 1 provides the distributions of 137 hospital proportions for CI 1.1 before and after shrinkage (see Appendix for definition of CIs). The 20th centile and overall mean are identified. The potential system gains identifies the reduction in the number of patients undergoing induction of labour that would occur if the mean was decreased to the 20th centile. With such a change in the mean, the distribution of the hospital proportions would then be`centred' about the 20th centile. A possible distribution has been superimposed in Figure 1B to illustrate the effect. Note, however, the distribution of the proportions is not known; it is only known that the mean of all hospital proportions would be at the current 20th centile.
Empirical comparisons
The two hierarchical models (gamma-Poisson and betabinomial) using ML estimation and the MoM estimator yield three shrunken proportions and three estimates of s The estimated 20th centile for the crude method is also based on these proportions. Thus, for each CI, and each of the 6-month periods of study, four estimates of s 2 , 20th centile, and potential gains were obtained. The shrunken proportions obtained using the beta-binomial model and ML estimation were chosen as the baseline for comparisons.
Although the empirical results presented will be the mean of the five period estimates, the results will simply be referred to as s 2 , 20th centiles, and potential gains, rather than specifying they are mean values.
Because the values for p and potential gains vary across the CIs, the equivalent of the coefficient of variation is used to reduce the differences in scales when comparing estimates. The values s/p, 20th/p and Gains/Numerator each multiplied by 100 are used, where 20th, Gains and Numerator denote the estimated 20th centile, potential system gains ( n i1 Gains i ), and n i1 O i , respectively.
Results

Comparison of the beta-binomial and gamma-Poisson shrinkage estimators
The proportionate shrinkages of the ML proportion toward the mean proportion using the beta-binomial and gammaPoisson shrinkage estimators are expressed in Equations 3 and 5, respectively.
That is, the gamma-Poisson model's shrinkage will be greater than the beta-binomial's shrinkage, assuming that the estimated systematic variation in the proportions based on the gammaPoisson and beta-binomial models are similar. The results in Table 3 suggest that these estimates are approximately equal. Consequently, the estimates for the 20th centile will be nearer the mean proportion and the potential gains will be smaller when based on the gamma-Poisson model. The difference between the two models' estimates will decrease as the mean proportion or systematic variation decreases (p 3 0 or s 2 3 0). These findings are verified empirically in the next section.
Shrinkage is unimportant for large D i [44] because W i 3 0 and w i 3 0 for increasing D i . Thus, the difference between the two models' shrinkage towards the mean for an individual hospital will also decrease for larger D i .
Empirical results
The summary information for the 16 CIs is provided in Table 2 . The results are obtained using the beta-binomial shrinkage estimator and ML estimate of s. The`potential system gains' column in the table focuses attention on clinical areas that exhibit a large between-hospital variation and a large number of patients. That is CIs 1.1, 1.2, and 5.1 have the greatest gains and thus quality improvement activity could have the greater potential impact in these areas. Notice, for instance, that although CIs 6.1 and 6.2 have large denominators, there is relatively small between-hospital variation Potential system gains can only be approximated using the figures in this table due to rounding of mean, 20th and 80th centile proportions, and averaging. 2 CIs where a high proportion is desirable.
(which is also a function of the low mean proportion) and therefore it is not identified as a high priority area. Table 3 lists for each CI, s/p, 20th/p and the differences between Gains for a model and the beta-binomial with ML estimation, as a percentage of the Numerator. It shows the overestimation of the systematic variation when using the crude proportions. The ML estimates of s using the gamma-Poisson and beta-binomial models are similar. The MoM estimates are consistently greater than the betabinomial ML estimate.
The 20th centile of the proportions obtained using the gamma-Poisson model with ML estimation is consistently greater than the 20th centile based on the beta-binomial model. Consequently, the estimated potential gains based on the gamma-Poisson model are less than the gains based on the beta-binomial. This supports the theoretical results of the comparisons of the gamma-Poisson and beta-binomial shrinkage estimators, namely, that the former shrinks the proportions further towards the mean. Compared with the beta-binomial model's estimates, the gamma-Poisson model provides smaller estimates of the potential gains for the CIs by between 0.1% and 6.7% of the Numerator, with an average of 2.3% of the Numerator. For the CIs, that is a difference in estimated gains of 42 patients on average, with the largest difference being 214.
The six CIs yielding the largest differences between the estimated potential gains obtained using the gamma-Poisson and beta-binomial models have larger mean proportions (ranging from 9.7 to 34.7%) and larger s (8.1 to 16.8%). These CIs are labelled in Figure 2 . The remaining CIs have small mean proportions (six are less than 1.2%), small s (seven are less than 1.6%) and have differences in estimated gains for the two models of less than 3.5% of the Numerator numerator (see Figure 2) . A similar pattern existed when plotted against s. These results support the theoretical results that the difference in the shrunken estimates of the potential gains decreases as p and s decreases.
Using the MoM estimate of s yields estimated potential gains that are greater, by between 0.2 and 52% of the Numerator, than the estimated gains using the ML estimate based on the beta-binomial model (see Table 3 ), with an average difference of 15.7% of the Numerator. For the CIs, that is a difference in estimated gains of 45 patients on average, with the largest difference being 91.
Conclusions and discussion
The application of EB shrinkage estimators uses the ensemble of hospitals to estimate the true underlying CI proportions and consequently account for sampling variation [31, 39, 41] . 1 Multiplied by 100. 2 Comparison is expressed as Gains obtained using model and method of estimation minus Gains using beta-binomial and ML, over the Numerator (see Table 2 ) multiplied by 100.
This improves the analysis and reporting of CIs, because it enables all hospitals, regardless of size, to be used in reports. Shrinkage estimators are more informative when denominator sizes differ and some are small [44] . Table 1 shows the range of denominator sizes vary considerably and warrant the use of shrinkage estimators for the CI data.
It is difficult to identify the appropriate model to use, but in this situation the second level is regarded as binomial rather than Poisson since there are a fixed number of patients with each patient having a binary outcome. Hence, the sampling distribution of the CI proportions is more likely to be represented by the binomial distribution than the Poisson. It has been shown, analytically and empirically, that the gammaPoisson model shrinks the proportions further towards the mean than the beta-binomial model. Consequently, using the gamma-Poisson model will provide smaller estimates of the potential system gains compared with the beta-binomial model, with the difference being less when the mean proportion is small (less than 10%) and/or s is small.
In general, the CI proportions are not sufficiently small nor are the samples sufficiently large to warrant the use of the Poisson approximation to the binomial sampling variation; nor is it required. Thus, although the approximation is commonly practiced in the literature because it simplifies the algebra [28] , we recommend that the analysis of CI data utilize the beta-binomial model.
The MoM gave results that varied considerably from the ML estimates. The ML procedure is generally acknowledged to be superior to the MoM (in those cases in which the two lead to different estimates) [33] . Thus, although the MoM is computationally simpler than ML, its use is not advisable for the CI data.
Use of performance data for quality improvement is a productive area for further research [2] . Investing in statistical methodology for the analysis and reporting of CI data is necessary [44] , and should be focused on the improvement of the health care system. The use of the 20th centile to obtain an estimate of the potential gains from quality improvement activity assists in focusing on system-wide improvements rather than allocating accountability to individual hospitals. Combining with EB shrinkage estimators, it facilitates practicable reports for healthcare providers.
Medical research applications often involve hierarchical data structures as data are collected on random samples of patients nested within each hospital [45] . Accounting for sampling variation is more important when denominators are small [44] . The proportionate shrinkage of p Ã i towards the prior mean using the shrinkage estimators will decrease as D i increases (i.e. when the evidence from the data overwhelms the prior information) or as the prior variance increases (i.e. when the strength of the prior mean is weak) [37] . This shrinkage shifts the proportions for the hospitals with small denominators closer towards the mean than it does for hospitals with large denominators [39----41] . The shrinkage estimators enable reports to include all hospitals regardless of size and recognize that the hospitals are not independent of each other.
The potential gains quoted in this paper are described in terms of the potential reduction in the number of`events of interest'. However, a monetary cost per event may be applied to enable an estimation of the potential reduction in financial terms.
This paper focused on the ACHS method of using the 20th centile and calculating potential system gains. However, ACHS reports also provide measures of stratum gains and outlier gains. Stratum gains represent a similar measure to potential gains, but in terms of the gains that would be achieved from moving the poorer performing strata to the average proportion achieved by the best performing stratum. Similarly, outlier gains provide a measure of the gains achievable simply by changing the proportions for the outlier hospitals (defined as having a difference in observed and expected counts, after shrinkage, more than three times the standard error) to that of the mean proportion. The potential system gains, stratum gains and outlier gains are reported by the ACHS for all 185 CIs [10] . The potential system and stratum gains, can be viewed as measuring`system-wide' variation, since they involve multiple hospitals, whereas the outlier gains, which considers`outlier hospitals', involves only the individual hospitals concerned. Table 2 ), plotted against the CI proportion (ML estimation used for both models). Denominator: The total number of patients delivering (including augmentation of labour).
CI No. 2.1EEEEEEThe rate of vaginal delivery following primary Caesarean section
Numerator: The number of patients delivering vaginally following a previous primary Caesarean section, as defined above.
Denominator: The total number of patients delivering who have had a previous primary Caesarean section and no intervening pregnancies greater than 20 weeks gestation.
CI No. 3.1EEEEEEPrimary Caesarean section for failure to progress
